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Abstract 
Graphene is considered an ideal filler for the production of multifunctional nanocomposites; as a 
result, considerable efforts have been focused on the evaluation and modeling of its reinforcement 
characteristics. In this work, we modelled successfully the mechanical percolation phenomenon, 
observed on a thermoplastic elastomer (TPE) reinforced by graphene nanoplatelets (GNPs), by 
designing a new set of equations for filler contents below and above the percolation threshold 
volume fraction (Vp). The proposed micromechanical model is based on a combination of the 
well-established shear-lag theory and the rule-of-mixtures and was introduced to analyse the 
different stages and mechanisms of mechanical reinforcement. It was found that when the GNPs 
content is below Vp, reinforcement originates from the inherent ability of individual GNPs flakes 
to transfer stress efficiently. Furthermore, at higher filler contents and above Vp, the 
nanocomposite materials displayed accelerated stiffening due to the reduction of the distance 
between adjacent flakes. The model derived herein, was consistent with the experimental data 
and the reasons why the superlative properties of graphene cannot be fully utilized in this type of 
composites, were discussed in depth.  
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1. Introduction 
Thermoplastic elastomers (TPEs) that utilize physical crosslinks to achieve elastomeric 
characteristics, are easier to process than conventional rubbers but are limited by their poor 
mechanical properties relative to thermoplastics [1]. As a result, TPEs are commonly reinforced 
by inorganic fillers [2-5]. Since the isolation of single layer graphene [6] with its exceptional 
mechanical properties (Young’s modulus ~1 TPa, strength ~130 GPa) [7, 8], several studies have 
focused on the mechanical enhancement of elastomer-based nanocomposites, reinforced by 
graphene [3, 9-18].  
A number of micromechanical theories have been used in the literature to describe the 
reinforcement of polymers by 2D materials [18]. Classical theories such as the Guth-Gold theory 
[2] based on hydrodynamics and more modern ones, such as the jamming theory [3, 19] based on 
the percolation phenomenon, have been utilized to explain the stiffening mechanisms in 
elastomer/graphene composite systems [4, 20]. The corresponding theoretical analysis has shown 
good consistency with the experimental results [3, 4, 11, 12, 15, 20]; nevertheless, some questions 
still stand when moving from the microscopic to the macroscopic scales in order to explain fully 
the mechanisms of mechanical enhancement. In our recent work, we established the mechanisms 
of reinforcement of polymers by graphene nanoplatelets and showed that for elastomers 
possessing low shear modulus, the reinforcing efficiency of graphene nanoplatelets is dependent 
upon the aspect ratio and the volume fraction of the filler, whilst virtually independent of the filler 
modulus (Ef) [21]. 
In the present study, a new analytical method is developed by the combining shear-lag and the 
rule-of-mixtures theories, along with the mechanical percolation phenomenon, in an attempt to 
evaluate the stiffening mechanism in TPE/GNP nanocomposites. A semicrystalline polyether 
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block amide thermoplastic elastomer was employed to prepare nanocomposites with two types of 
GNPs of different diameters, by melt mixing in an internal mixer. The degree of crystallinity of 
the matrix and the composites was obtained by differential scanning calorimetry (DSC) and X-
ray diffraction (XRD). The microstructure of the nanocomposites was characterized by scanning 
electron microscopy (SEM), while the mechanical properties were investigated by tensile testing 
and in situ deformation under a Raman spectrometer. A detailed theoretical analysis was carried 
out to determine the different mechanisms and stages of mechanical reinforcement of the 
produced TPE/GNP nanocomposites.  
 
2. Experimental methods 
2.1 Materials and preparation 
A commercially-available thermoplastic elastomer (Pebax® 7033) was purchased from Arkema, 
Inc. and used as received. Pebax® is a plasticizer-free polyether block amide. Graphene 
nanoplatelets (GNPs) with nominal lateral diameters of 5 and 25 µm (M5 and M25) (according 
to the supplier) and average thicknesses in the range of 6–8 nm were purchased from XG Sciences, 
Inc. Lansing, Michigan, USA and used as received. Composites with 1, 5, 10, and 20% by weight 
of the GNPs were prepared by melt mixing in a Thermo Fisher HAAKE Rheomix internal mixer 
at 220 °C and 50 rpm for 10 minutes. The lumps of composites were afterwards injection moulded 
in a HAAKE Minijet Piston Injection Moulding System in order to prepare dog-bone shaped 
specimen. Based on the fact that the nanocomposites containing the M25 GNPs displayed higher 
values of Young’s modulus (compared to M5 GNPs), a wide range of composites with various 
M25 GNP loadings (1, 2.5, 3.3, 5, 6.7, 7.5, 10, 11.1, 12.5, 13.3, 15, 16.6, 17.5, 18.9, 20 wt%) 
were additionally prepared in order to obtain sufficient data for theoretical analysis and modelling 
of the mechanical percolation phenomenon. The samples throughout the paper will be coded 
based on the matrix (TPE), the diameter and the weight content of the filler. For example, TPE-
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M5-GNP1 refers to the TPE matrix reinforced by 1 wt% of GNPs, whose average diameter is 5 
µm. 
2.2 Characterization of the nanocomposites 
The final filler contents of GNPs in the nanocomposites were evaluated by thermogravimetric 
analysis (TGA) using a TA Q500 TGA instrument. The samples were heated from 25 °C to 
800 °C under a 50 mL/min flow of N2 at 10 °C/min. Three samples were tested for each material 
in order to ensure reproducibility of the results. 
The XRD diffractograms were obtained using a PANalytical X’Pert3 diffractometer with Cu Kα 
radiation operated at 40 kV and 40 mA. The 2-theta angle range was selected from 5° to 90° with 
a step size of 0.03° and a step time of 180 s. 
A TA Instruments Q100 DSC was used to investigate the melting and crystallization behaviour. 
Samples of about 10 mg were heated, cooled and re-heated between -90 and 200 °C using a 
heating/cooling rate of 10 °C/min, under a nitrogen flow of 50 ml/min. 
The morphology of the neat polymer and the microstructure of the nanocomposites were 
examined using SEM. The images of the cryo-fractured samples were acquired using a high-
resolution Philips XL30 Field Emission Gun Scanning Electron Microscope (FEGSEM) operated 
at 6 kV. 
Stress–strain curves were obtained using dumbbell-shaped specimen in an Instron 3365 machine, 
under a tensile rate of 10 mm·min−1 with a load cell of 5 kN, in accordance with the ASTM D638 
standard. An extensometer with a gauge length of 20 mm was used to measure the strain precisely. 
Raman spectra were obtained using a Renishaw InVia Raman spectrometer with a laser 
wavelength of 633 nm and a x50 objective lens, which produces a laser spot with a diameter in 
the order of 1–2 µm. The Raman 2D band shift of the injection moulded samples was studied 
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following the application of strain on the nanocomposites. The strain was applied with a four-
point bending rig from 0 to ~ 2.7% and determined by a resistance strain gauge attached to the 
surface of samples. Spectra were taken every ~0.1 % strain. The Raman spot was focused on the 
same point of a single flake on each sample surface. All spectra were fitted with a single 
Lorentzian curve. 
 
3. Results  
3.1 Volume fraction and degree of crystallinity 
The volume fraction of the fillers within the composites was assessed using TGA. The mass 
residue along with the volume fractions of the filler were calculated by equation S1 and are given 
in the Table S1 (Supporting Information). The final mass fractions were very close to the nominal 
mass fractions of the nanocomposites. 
The degree of crystallinity of the neat polymer and the nanocomposites was characterised using 
both XRD and DSC (Figure S1). In the X-ray diffractograms, the matrix displays only one 
characteristic peak which is present at 2θ ≈ 21.4°, showing a reflection from the (001) plane, 
corresponding to the γ phase of polyamide 12 (PA12) [22]. The XRD patterns of GNPs display a 
sharp and strong peak at 2θ ≈ 26° consistent with reflections from the (002) plane of graphite. 
The degree of crystallinity can be calculated by Xc=Ac/(Ac+Aα) for XRD, where Ac and Aα are the 
areas under the crystalline peaks and amorphous halo, respectively. The results can be seen in 
Table S2. In addition, the DSC results suggest that the melting point (Tm) of all samples is at 
around 160 °C and the presence of GNPs did not affect the Tm. The degree of crystallinity from 
DSC was calculated from the ratio  Xc= ΔHf/ΔHf0×100%, where ΔHf is enthalpy of fusion of the 
sample and ΔHf0 is the enthalpy of fusion of 100% crystalline PA12 in Pebax (65 J/g [23]). As 
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can be understood from the application of both techniques, the presence of GNPs did not alter the 
crystallinity of the matrix significantly. 
 
3.2 Microstructure of the nanocomposites  
The SEM images of cryo-fractured cross-sections of the nanocomposite samples reinforced with 
M5 GNPs, at different filler fractions, can be seen in Figure 1. The corresponding images of M25-
GNP-reinforced nanocomposites are shown in Figure S2. It can be seen that a homogeneous 
dispersion of the flakes was achieved as a result of the mixing procedure. Moreover, the injection 
moulding procedure attributed a preferred orientation of the flakes in the axial direction of the 
samples, due to the fountain flow mechanism [14]. Overall, the distance between individual flakes 
in the vertical direction (the direction of the surface normal of the flakes) in the images, is reduced 
with increasing filler loading. A measurement of the distances between neighbouring flakes was 
carried out based on more than 100 flakes for each sample and shown in Figure S3. This reduction 
in inter-flake distance can activate a pronouncedly enhanced mechanical performance, which will 
be discussed in detail later. It should be pointed out that both batches of GNPs seem to include a 
number of smaller flakes, which decrease significantly the average lateral size quoted by the 
manufacturer, as was also identified in a previous work from our group [21].  
The high magnification SEM images in Figure S4 reveal a good interface between the flakes and 
the matrix. However, the morphologies of the flakes in the bulk nanocomposites also indicate 
stacking and the formation of agglomerates among the flakes at higher filler contents (TPE-
GNP20 sample in Figure 1d and Figure S2), that are known to reduce the reinforcing efficiency 
by subsequently reducing the average aspect ratio of the flakes. In addition, some flakes can be 
seen forming looped or folded morphologies, similar to the ones observed in our previous study 
for a different thermoplastic elastomer matrix [14]. The pre-existing folds of the GNPs along with 
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the high shear that develops during the mixing process, can be both attributed for the folding and 
the bending of the nanoplatelets within the nanocomposites.  
 
Figure 1. SEM images of the composites (a) TPE-M5-GNP1, (b) TPE-M5-GNP5, (c) TPE-M5-
GNP10, (d) TPE-M5-GNP20. 
 
3.3 Tensile testing 
The mechanical properties of the produced nanocomposites were initially evaluated by tensile 
testing. Typical stress-strain curves of all nanocomposite samples are shown in Figure S5. It is 
interesting to observe that the addition of GNPs into the matrix alters the tensile behaviour of the 
original TPE. More specifically, the yield point shifts to higher stress and lower strain with the 
increase of the filler loading, indicating that the mobility of the macromolecular chains is 
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restricted [3]. Moreover, the samples with high filler loadings (above 5 wt%) tend to display only 
elastic deformation, while finally at the highest GNP content (20 wt%), the stress-strain curves 
of the semi-crystalline TPE nanocomposites are characteristic of a brittle polymer. From the 
mechanical properties results presented in Figure 2a and b, it can be seen that both the yield 
strength and the tensile modulus increase with increasing filler content, indicating good stress 
transfer efficiency through shear at the filler-matrix interface. Overall, the M5 GNPs give rise to 
higher improvements in the yield strength, as a result of their better dispersion and consequently 
filler-matrix adhesion, while M25 GNPs contribute slightly more to the stiffness of the materials 
indicating better stress transfer. However, the addition of both types of GNPs results in reductions 
of the elongation at break (apart from the samples filled with only 1 wt% of GNP). This is 
commonly observed in polymer nanocomposites where agglomerates of fillers can initiate failure 
during elongation [18].  
The results of the Young’s modulus values against the filler loading clearly display a superlinear 
increase rather than a linear one, implying that the higher loadings of GNPs exert an additional 
enhancement in the modulus, compared to the lower loadings. This is consistent with previous 
findings for different types of elastomer matrices reinforced by 2D materials [3, 4, 20]. Based on 
this finding, we prepared a number of TPE-M25-GNP nanocomposites with various filler 
loadings, in order to establish the transitional turning point in the modulus versus loading graph. 
It can be clearly seen in Figure 2c that the slope of the linear fit of the normalized modulus of the 
composite against the volume fraction of the filler is significantly higher for loadings above ~ 5 
vol%. Quantitatively, the slope of the data below 5 vol% is 24, whereas the corresponding slope 
for the data above 5 vol% is 61. This phenomenon observed for elastomer composites, was 
defined as accelerated stiffening by Guth and Gold [2], where the rate of the increase of the 
composite modulus increases with increasing filler volume fractions. Accelerated stiffening has 
been observed in elastomer composites for a variety of fillers including carbon black [2], clays 
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[3, 4] carbon nanotubes [11] and graphene-based fillers [10, 11, 16, 17, 20]. Although theories 
including the Guth-Gold theory [2] and the jamming theory [3, 19] were employed to analyse this 
observation [2-4, 10-12, 14, 20], there is no specific equation with well-defined parameters, able 
to describe the reinforcing mechanisms of graphene-reinforced elastomer nanocomposites. Hence, 
a theoretical analysis based on our recently developed shear-lag/rule-of-mixtures theory, where 
the parameters are well-defined [21], will be carried out in this work and discussed thoroughly in 
the next sections. 
 
Figure 2. (a) Young’s modulus and (b) yield strength against volume fractions of the filler (the 
lines in both (a) and (b) are just a guide to the eye); (c) Young’s modulus of the M25-GNP 
reinforced samples with various filler loadings showing higher reinforcing efficiency at loadings 
higher than 5 vol%.   
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3.4 Raman 2D band shift 
Raman spectroscopy is a powerful technique that is able to investigate the interfacial stress 
transfer from a polymer matrix to graphene-related materials [8, 13, 18, 21, 24-27]. The specimen 
with the highest GNP loading (20 wt%) were strained using a bending rig in situ under a Raman 
spectrometer and the characteristic shifts of the Raman bands were recorded with increasing 
composite strain from 0 to ~2.7%. The corresponding results are shown in Figure 3.  
At a strain range from 0 to ~ 1.2 %, the Raman 2D band shifts to lower wavenumbers and the 
downshift can be fitted linearly in order to obtain the stress transfer efficiency from the matrix to 
the nanoplatelets [8]. The slope values presented in this work, reveal that the interfacial stress 
transfer from the matrix to the filler is more efficient compared to a number of softer elastomeric 
matrices reinforced by GNPs [13, 14, 21], but less efficient compared to stiffer matrices including 
PP, PMMA and epoxy resins [21, 24-26]. This is in accordance with our recent study [21] where 
we identified clearly that the filler modulus of graphene in polymer nanocomposites increases 
almost linearly with increasing matrix modulus. 
When the applied load on the specimen was increased from ~1.2% up to ~2.7% strain, the 2D 
band shift increased and decreased irregularly with increasing strain, indicating a certain degree 
of relaxation in the specimen [8]. In thermoplastic elastomers, stress relaxation can lead to 
irreversible disentanglement of the physical crosslinks that are able to support stress for a short 
time [1].  
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Figure 3. Raman 2D band shift against the composites strain of (a) M5 and (b) M25 reinforced 
TPE composite samples at 20 wt% loading of the filler. The solid lines in both (a) and (b) 
represent the linear fit of the downshift of the 2D Raman band, for strain up to ~1.2%, while the 
dashed irregular lines for strain higher than 1.2% are an indication of stress relaxation and 
disentanglement of the physical crosslinks in the TPE matrix.  
 
The filler modulus can be calculated using the slope of 2D Raman band shift by the equation: 
ER=-
dω2D
dε
1050
60
 GPa [8]. The filler modulus results obtained by Raman measurements (ER) and 
tensile testing (Ef) for the samples at the filler content of 20 wt% are listed in Table 1, where Ef 
was calculated using the simple rule-of-mixtures [1] on the single data point at 20 wt% filler 
content: Ec=EfVf+Em(1-Vf) , where Ef and Em are the modulus of the filler and the matrix, 
respectively and Vf is the volume fraction of the filler. It can be seen that the filler modulus 
measured by the Raman band shift (ER) is similar to the one obtained from tensile tests (Ef) in the 
cases of both M5 and M25 reinforced TPE, with ER being somewhat higher than Ef. The filler 
modulus determined by tensile testing is based on the overall deformation of the composites. 
However, during the Raman measurements, the laser spot (in the order of 1-2 µm) generally 
probes on the centre of the axially-aligned flakes, while the flakes measured are ~5 or ~25 µm. 
Therefore, the stress at the laser-focused point of the nanoplatelet is higher than the average stress 
along the flakes, leading to higher filler modulus acquired by Raman measurements (ER) than the 
filler modulus determined by tensile testing (Ef) [21]. 
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Table 1. Raman 2D Band shifts and corresponding Raman modulus values along with theoretical 
Raman modulus values calculated by ER=-
dω2D
dε
1050
60
 GPa for both M5 and M25 reinforced TPE 
composites at the highest filler contents. 
 M5 M25 
Band shift (cm-1/% strain) -1.3 ± 0.1 -1.5 ± 0.2 
ER (GPa) 22.9 ± 1.8 26.3 ± 3.5 
Ef (GPa) 16.6 ± 0.6 18.1 ± 1.4 
 
 
4. Discussion 
4.1 Theoretical analysis using micromechanics 
The rule-of-mixtures is a well-accepted theory in the field of polymer composites, used to analyze 
the mechanics of reinforcement [1]. The Young’s modulus of the composites is given by: 
Ec=EfVf+Em(1-Vf)          (1) 
Based on our recent work [21], when elastomers are reinforced by graphene, the Ef is dependent 
upon the modulus of the matrix, the orientation factor (ηo) and the aspect ratio (s) of the filler [21] 
as shown in eq. (2): 
Ef=ηo
s2
12
t
T
1
(1+ν)
Em          (2) 
where s is the aspect ratio of the filler; ν is the Poisson’s ratio of the elastomer. Moreover, t is the 
thickness of the flake and T is the thickness of a layer of the matrix surrounding the flake. If we 
substitute Ef from equation (2), then equation (1) can be rewritten and rearranged into: 
Ec/Em=1+(ηo
s2
12
t
T
1
(1+ν)
-1)V
f
        (3) 
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The key to address the issue of the reinforcing mechanism in graphene-reinforced elastomers is 
to analyze the parameter t/T in equation (3). If we assume a simple model of a single nanoplatelet 
inserted in a continuous elastomer matrix, then due to the fact that the macromolecular chains of 
elastomers are very flexible, the matrix unit located at an infinite distance from the flakes cannot 
be affected [5]. Therefore, T cannot be infinitely large for an elastomer matrix. More specifically, 
the value of T is dependent upon the shear modulus of the elastomeric matrix, which relates to 
the flexibility of the macromolecular chain segment. In this context, we assume a shear-lag unit 
for a single flake in the elastomeric matrix as shown in Figure 4 that can be affected by the flake 
through shear when an external stress is applied. Any part of the matrix located further than T 
from the flake cannot be affected.  
 
Figure 4. (left) Shear-lag stress transfer unit for an individual flake within the elastomer matrix: 
t is the thickness of the flake and the T is the thickness of the matrix surrounding the flake, which 
the flake can affect when an external stress is applied; (right) the deformation of the flake and the 
matrix polymer after application of strain. 
 
The shear-lag unit model illustrates the reinforcement from individual flakes through stress 
transfer in elastomer nanocomposites. We can now apply the model of multiple shear-lag units 
into bulk elastomeric nanocomposites. The distribution and behavior of the shear-lag units in 
elastomer nanocomposites from low to high filler loadings, when an external stress is applied, is 
demonstrated in Figure 5. In this case, it is assumed that all the nanoplatelets are dispersed 
homogeneously. When the loading of the filler is low (Figures 5a and b), the flakes are located 
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far enough from each other, making the interaction between shear-lag units impossible. The SEM 
images of the samples filled with low GNP content, next to the shear-lag unit model, also point 
towards this direction.  In this case, the modulus increase can be attributed to the enhancement 
from individual flakes, through stress transfer. Hence, the value of t/T is constant and 
consequently equation (3) shows a linear relationship between the normalized modulus and the 
volume fraction of the filler. With the increase of Vf, the distance between adjacent shear-lag units 
becomes closer and they finally coincide with each other. At this critical point, the t/T ratio has 
the same value with the Vf (Figure 5c). We define this point as the percolation threshold volume 
fraction of the filler, Vp. It can be understood with the aid of both the model and the SEM Figures 
5(a-b) that when the volume fraction of the filler is below Vp, the constant parameter, t/T, can be 
approximated to be equal to Vp. When the filler content increases from the percolation threshold 
volume fraction of the filler (Vp), to higher filler contents (Figure 5c-d), the thickness of the matrix 
surrounding the flake (T) is geometrically reduced due to the smaller distances between the flakes 
and the parameter t/T in equation (3) can be eventually substituted by Vf. The normalized modulus 
is then given by: 
Ec/Em=1-Vf+ηo
s2
12
1
(1+ν)
Vf
2         (4) 
Assuming the Poisson’s ratio of the elastomer is 0.5 [5], equation (3) for filler contents below the 
percolation threshold takes the form; 
Ec/Em=1+(0.056ηoseff
2 t
T
-1)V
f
   for Vf < Vp  (t/T=Vp)      (5) 
and equation (4) for filler contents above the percolation threshold can be rewritten as; 
Ec/Em=1-Vf+0.056ηoseff
2 Vf
2   for Vf ≥ Vp     (6) 
where seff is the effective aspect ratio of the GNPs in the bulk nanocomposites. The schematic 
diagrams in Figure 5 were drawn for the case of perfect orientation of the filler, in order to 
simplify the illustration. If the flakes are not perfectly aligned along the direction of the external 
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force, as they are in this case, then the orientation factor ηo (8/15≤ ηo<1) which can be obtained 
experimentally [27], should be taken into account. 
 
Figure 5. Schematic illustration of samples reinforced with different loadings of GNPs (increase 
from a to d) under external stress, demonstrating the dependence of stress transfer efficiency upon 
the filler loading in an elastomer matrix, based on shear-lag theory: (a) low filler loading; (b) high 
filler loading than (a) but below the percolation threshold (both a and b show the reinforcement 
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from individual flakes); (c) filler loading at percolation threshold and (d) filler loading above the 
percolation threshold showing the formation of the filler network and the enhanced reinforcing 
efficiency of the flakes due to the reduced distance between individual flakes. The illustration of 
the distance between the flakes is also suggested by SEM images as shown. 
 
The proposed equations (5) and (6) can describe the reinforcement from GNPs in elastomer-based 
nanocomposites, while being able to explain the accelerated stiffening phenomenon with 
increasing filler content. From low to high filler contents, the reinforcing mechanism of the GNPs 
in graphene-reinforced elastomer composites can be divided into 3 individual stages:  
Stage I: When the filler loading is low and below the percolation threshold volume fraction 
(VfVp), it is considered that the mechanical improvements are dependent upon the performance 
of the individual flakes, where the parameter t/T takes the constant value of Vp and consequently 
the normalized modulus shows a linear relationship with Vf, represented by equation (5).  
Stage II: With the increase of filler fraction to reach and overcome the percolation threshold (Vf
≥Vp), the average distance between nanoplatelets is small enough to enable mechanical 
reinforcement from both individual fillers and the simultaneous contributions by pairs of fillers. 
This effect can be quantitatively expressed by a quadratic relationship between Ec/Em and Vf, as 
shown in equation (6), while being also able to explain the accelerated stiffening phenomenon in 
elastomer composites  with increasing filler contents [2].  
Stage Ⅲ: When the filler loading is high enough, a number of agglomerates are formed in the 
nanocomposite and as a result, the reinforcing efficiency is reduced [14, 24, 25]. The influence 
of agglomeration can be quantitatively realized by the decreased values of the effective aspect 
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ratio, obtained through the fitting of the experimentally obtained modulus data, using equation 
(6).  
4.2 Application of the proposed theory 
The results of the mechanical properties of the nanocomposites were presented in Section 3.3 and 
the fitting of the experimental data using the newly-derived equations (5) and (6), was carried out 
as shown in Figure 6 for the case of perfect orientation. From the normalized modulus values 
presented in Figure 2c, it can be clearly observed that the slopes of the experimental data are 
different before and after the filler content of 5 vol%. On this basis, 5 vol% was established as 
the percolation threshold volume fraction of the filler (Vp). The data below 5 vol%, were fitted by 
equation (5), where according to the previous discussion, reinforcement depends on stress transfer 
from individual flakes, while the data above 5 vol% were fitted using equation (6), where the 
matrix is additionally stiffened.   
The data points below 5 vol% were fitted using a linear line, as suggested by equation (5). The 
slope has the same value as the factor [0.056η
o
seff
2 (t/T)-1], where t/T (=Vp) is 0.05. Assuming the 
orientation of the flakes is perfect (ηo=1), the effective aspect ratio can be calculated. For the M25 
GNPs within the TPE matrix, the value of the effective aspect ratio is 95, as shown in Figure 6. 
Then, by substituting seff into equation (6), the fitting of the experimental data is represented by 
the red curve in Figure 6. It can be seen that equation (6) fits accurately the normalized modulus 
of the samples filled with ~0.05 – ~0.07 vol. GNPs. The effective aspect ratio (in the order of 100) 
for M25-GNPs in the bulk composites is relatively low for a 2D material and this can be attributed 
to the high thickness of the starting material and the presence of looped or folded morphologies 
amongst the flakes that either pre-exist or are formed as a result of the high shear during the melt 
mixing process (Figure S4). However, the fitting was not accurate enough for the samples filled 
with higher GNP loadings, due to the increased number of folded flakes and the unavoidable 
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formation of agglomerates. When adjusting the value of seff to a slightly lower value (seff=90), the 
fitting becomes consistent with the data, as shown by the blue-dashed curve in Figure 6. For the 
case of random orientation (ηo=0.53), the same fitting procedure can be carried out for the 
experimental data, as shown in Figure S6. The fitting results display a good consistency with the 
experimental data, similarly to Figure 6. Moreover, the fitted value of effective aspect ratio is 
slightly higher, but still in the order of 100. 
 
Figure 6. Fittings of normalized modulus against volume fraction of the fillers with both 
equations (5) and (6) for M25-GNP reinforced composite samples showing three stages of the 
reinforcement, assuming perfect orientation of the flakes. Stage I: reinforcement takes place from 
individual flakes through stress transfer and the modulus can be fitted with a linear equation 
(equation 5). Stage II: above the percolation threshold volume fraction, the reinforcement 
originates from both individual fillers and the simultaneous contributions by pairs of fillers. The 
effect is described by a quadratic relationship (equation 6). Stage III: higher filler contents lead 
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to the formation of agglomerates, the modulus can still be fitted with equation 6 however the 
effective aspect ratio (seff) of the fillers is reduced. 
 
5. Conclusions 
GNP-reinforced, semi-crystalline thermoplastic elastomers have been successfully prepared by 
melt mixing. The degree of crystallinity remained constant with the addition of GNPs. SEM 
images indicate that the dispersion of the GNPs within the matrix is homogeneous, with excellent 
filler/matrix interfaces in general.  
The mechanical properties obtained from tensile testing suggested that the stiffness and yield 
strength are both significantly enhanced. It was clearly exhibited that after the percolation 
threshold volume fraction, the modulus of the composites presents a superlinear increase, 
compared to the linear increase observed at low filler contents. The filler modulus measured by 
Raman band shifts showed similar, but slightly higher values than the filler modulus determined 
by tensile testing. Finally, the consistency of the newly-derived equations (5) and (6) with the 
experimental data has manifested the applicability of the combined shear-lag/rule-of-mixtures 
theory proposed here, on the reinforcement mechanisms of elastomer/GNP nanocomposites. The 
three stages of reinforcement from low to high volume fraction of the filler have been clearly 
identified. Similar analysis methods, considering the mechanical percolation in  graphene-based 
elastomer nanocomposites have been introduced before [10-12, 20], by using either 
hydrodynamics [2] or the jamming theory [3, 19]. However, an obvious advantage of the theory 
proposed here, is the accurate interpretation of the percolation of tensile modulus, for the specific 
case of elastomer nanocomposites reinforced by 2D materials with well-defined parameters. 
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SUPPORTING INFORMATION 
 
Table S1. Mass fractions of GNPs determined by TGA for each sample and calculated 
volume fractions. 
 
Materials Mass fraction (%) GNP volume fraction (%) 
TPE 0 0 
TPE-M5-GNP1 1.10 ± 0.30 0.50 ± 0.14 
TPE -M5-GNP5 4.95 ± 0.14 2.31 ± 0.06 
TPE -M5-GNP10 9.90 ± 0.14 4.76 ± 0.09 
TPE -M5-GNP20 18.28 ± 0.20 9.23 ± 0.18 
TPE -M25-GNP1 1.20 ± 0.20 0.55 ± 0.09 
TPE -M25-GNP5 5.05 ± 0.03 2.36 ± 0.01 
TPE -M25-GNP10 10.51 ± 0.75 5.06 ± 0.34 
TPE -M25-GNP20 19.28 ± 0.82 9.79 ± 0.37 
 
The volume fraction was calculated by Equation S1. The volume fraction is given by: 
Vf=
wfρm
wfρm+(1-wf)ρf
          (S1) 
where wf is the mass fraction of the filler, ρm (=1.01 g/cm3) and ρf (=2.2 g/cm3) are the 
densities of the matrix and the filler, respectively. 
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Figure S1. XRD patterns of (a) M5 and (b) M25 GNP-reinforced TPE and (c) DSC curves 
from 120 oC to 190 oC of GNP-reinforced TPE samples. 
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Table S2. Degree of crystallinity of the neat polymer and composite samples. 
 
Materials 
Crystallinity from 
XRD (%) 
Crystallinity from  
DSC (%) 
TPE 46.2 ± 0.5 47.3 ± 0.7 
TPE-M5-GNP1 47.4 ± 1.2 47.0 ± 1.3 
TPE -M5-GNP5 47.3 ± 0.8 46.9 ± 0.6 
TPE -M5-GNP10 46.3 ± 1.2 47.3 ± 0.6 
TPE -M5-GNP20 45.4 ± 1.5 47.3 ± 0.4 
TPE -M25-GNP1 48.5 ± 1.2 47.2 ± 1.1 
TPE -M25-GNP5 47.5 ± 0.8 47.2 ± 0.5 
TPE -M25-GNP10 46.6 ± 1.3 47.7 ± 0.3 
TPE -M25-GNP20 45.6 ± 1.4 44.7 ± 2.3 
 
 
Figure S2. SEM images of the composites (a) TPE-M25-GNP1, (b) TPE-M25-GNP5, (c) 
TPE-M25-GNP10, (d) TPE-M25-GNP20. 
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Figure S3. Measured distance between flakes in surface normal direction based on SEM 
images for more than 100 flakes each sample.  
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Figure S4. SEM images of (a) Neat TPE; (b,c) M5-GNP reinforced composites and (d,e) 
M25-GNP reinforced composites, respectively showing typical flake/matrix interfaces; (f,g) 
M5-GNP5 and M25-GNP5 samples showing stacking of the flakes; (h,i) M5-GNP5 and 
M25-GNP10 samples showing agglomerates.  
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Figure S5. Typical stress-strain curves for (a) M5 GNP-reinforced and (b) M25 GNP-
reinforced elastomer nanocomposites; the insets are the stress-strain curves at low strain. 
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Figure S6. Fittings of normalized modulus against volume fraction of the fillers with both 
eq. (5) and (6) for M25-GNP reinforced composite samples showing three stages of the 
reinforcement, assuming random orientation of the flakes. 
 
 
